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ABSTRACT

Four multiparous lactating cows (175 to 220 d in
milk) were used in a 4 × 4 Latin square design to assess
the effects of four doses (0.0, 0.5, 1.0, 1.5 µg/kg of body
weight) of lipopolysaccharide (LPS; Escherichia coli
0111:B4) on circulating concentrations of macrominer-
als and vitamin D metabolites. Treatments were dis-
solved in 100 ml of sterile saline and infused intrave-
nously over a period of 100 min. Blood was sampled
immediately before infusion (0 h), at 60-min intervals
for 8 h, and at 24 and 48 h postinfusion. Vitamin D
metabolites were analyzed in samples collected at 0, 2,
6, 24, and 48 h only. Serum Ca and P concentrations
decreased after LPS infusion, but there was no effect
on serum magnesium concentration. Plasma 25-OH vi-
tamin D3 and 1,25-(OH)2 vitamin D3 were not affected
by LPS infusion; however, when analyzed as 0 vs. all
other doses of LPS combined, there was a tendency for
plasma 1,25-(OH)2 vitamin D3 concentration to de-
crease when cows were infused with LPS. The inflam-
matory response elicited by LPS altered plasma macro-
mineral concentrations, a result that may have im-
portant implications for calcium homeostasis and
metabolic health of lactating dairy cows.
(Key words: lipopolysaccharide, minerals, vitamin D)

Abbreviation key: 1,25-(OH)2D = 1,25-dihydroxyvi-
tamin D3, 25-OHD = 25-hydroxyvitamin D3, PIH = hour
after the initiation of infusion, PTH = parathyroid hor-
mone, TNF-α = tumor necrosis factor-α.

INTRODUCTION

The susceptibility of the periparturient dairy cow to
infectious disease has been associated with metabolic
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disease (Curtis et al., 1985). Cows with milk fever are
5.4 times more likely to contract clinical mastitis (Cur-
tis et al., 1985), and cows hospitalized with retained
placenta are more than 3 times as likely to get mastitis
than are cows without retained placenta (Schukken et
al., 1989). These findings indicate either that metabolic
factors negatively impact immunity or that predispos-
ing factors are responsible for the etiology of both meta-
bolic disorders and infectious disease.

Numerous studies have investigated effects of meta-
bolic variables (i.e., hormones or nutrients) on immune
function in dairy cattle. Kehrli and Goff (1989) reported
that hypocalcemia does not exacerbate the decreased
immune function common in periparturient cows. How-
ever, few studies have focused on the effects of immune
activation on macromineral metabolism in ruminants.
Although reports of decreased serum Ca and P concen-
trations in dairy cattle following immune activation
exist in the literature (Griel et al., 1975; Sandstedt et
al., 1984), the effects that immune activation may have
on macromineral metabolism in lactating dairy cows
have not been characterized.

The objective of this study was to characterize the
effects of immune activation on aspects of macromin-
eral metabolism in lactating dairy cattle. The primary
objective was to determine if intravenous infusion of
LPS would affect concentrations of serum Ca, P, and
Mg in midlactation cows. A secondary objective was to
examine associations between macromineral concen-
trations and circulating concentrations of vitamin D
metabolites.

MATERIALS AND METHODS

Experimental Design

All infusion and sampling procedures in this experi-
ment were approved by the Cornell University Institu-
tional Animal Care and Use Committee before initiat-
ing the experiment. Four multiparous lactating Hol-
stein cows (175 to 220 DIM) were used in a 4 × 4 Latin
square design balanced for carryover effect of treatment
to assess the effects of four doses (0.0, 0.5, 1.0, 1.5 µg/
kg of BW) of bacterial LPS (Escherichia coli 0111:B4,
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Sigma Chemical Co., St. Louis, MO) on aspects of mac-
romineral metabolism. Cows at the Cornell University
Teaching and Research Dairy Farm were housed in
tie stalls, moved to metabolism stalls for the infusion
period, and milked three times per day throughout
the experiment.

Infusions

The infusion protocol used was modeled after that of
Werling et al. (1996) and Steiger et al. (1999), except
that LPS-infused animals were not pair-fed with con-
trols. Cows were fitted with bilateral jugular vein cathe-
ters 24 h before infusion began. The catheters were
removed after the 24-h sampling time-point after the
initiation of infusion (postinfusion hour; PIH). Treat-
ments were dissolved in 100 ml of 0.9% sterile saline
and infused intravenously through a jugular catheter
over a period of 100 min. Infusions were administered
via a Plum XL infusion pump (Abbot Laboratories,
North Chicago, IL) with a 0.2-µM, low-protein binding
Sterile Acrodisc 13 in-line filter (Gelman Sciences, Ann
Arbor, MI). The LPS dose for a given infusion day was
assigned based on average BW for the 3 d before infu-
sion. All cows were infused on the same infusion days,
which were spaced 7 d apart. Infusions began about 30
min after the second daily milking (∼0930 h), and cows
were offered their daily ration on experimental days at
the initiation of infusion. Intakes for individual cows
were measured at the end of the 8-h sampling period
and daily throughout the experiment. Intake and pro-
duction data are reported in a companion paper for this
study (Waldron et al., 2003).

Sampling Protocol

Blood was sampled immediately before infusion (0
h), at hourly intervals thereafter through 8 h, and again
at 24 and 48 h. During the first 24 h, blood samples
(10 ml each) were collected into nonheparinized tubes
via the catheter contra lateral to infusion. Because jug-
ular catheters were removed after the 24-h sampling
period, 48-h blood sampling was via the coccygeal vein
into nonheparinized vacuum sampling tubes (Becton
Dickinson, Franklin Lakes, NJ). Sampled whole blood
was initially placed on ice, and then allowed to sit over-
night at 4°C. Coagulated samples were then centrifuged
at 2060 × g, and serum was harvested. Serum was
stored at −20°C for subsequent analyses for mineral
and hormone metabolite concentrations.

Analysis of Macrominerals

Serum calcium concentrations were determined by
atomic absorption spectrometry (Perkin-Elmer Corp.,
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Norwalk, CT) using the methods of Cali et al. (1973).
Briefly, serum samples were prepared and measured
in duplicate by diluting 100 µl of plasma in 5 ml of 0.1%
lanthanum oxide solution. A combined Ca and Mg lamp
was used such that serum Mg concentration was also
determined. Plasma Ca and Mg concentrations were
determined at 422.7 and 185.3 nm, respectively.

Serum phosphorous was measured colorimetrically
using procedures modified from Parekh and Jung
(1970), as validated in our laboratory. Briefly, serum
(125 µl) was precipitated by acidification with 1 ml of
molybdic-trichloroacetic acid solution. After mixing and
allowing to stand for 5 min, this solution was cen-
trifuged (1000 × g) and 100 µl of supernatant was
transferred in duplicate to 96-well microplates (Costar,
Corning Inc., Acton, MA). Finally, 150 µl of p-phenylen-
ediamine reagent (prepared by dissolving 1 g of p-phe-
nylenediamine dihydochloride in 100 ml of 5% Na2S2O5
solution) was added to all wells and the plate was incu-
bated for 20 min at room temperature. Serum phospho-
rous was determined at a wavelength between 690 and
560 nm using a Thermo Max tunable microplate reader
spectrophotometer (Molecular Devices, Sunnyvale,
CA).

Serum 25-hydroxyvitamin D3 (25-OHD) and 1,25-
dihydroxyvitamin D3 (1,25-(OH)2D) were quantified by
radioimmunoassay using the methods of Hollis et al.
(1993 and 1996, respectively). Intra- and interassay
coefficients of variation were 9.4 and 10.8%, and 16.2
and 13.1% for 25-OHD and 1,25-(OH)2D, respectively.

Statistical Analyses

Data were analyzed as a Latin square design with
repeated measures using the GLM procedure of SAS
(SAS Inst., Inc., Cary, NC) with the appropriate speci-
fied error term. Means were adjusted by analysis of
covariance using data collected from each cow before
LPS or control infusion, and ANOVA was conducted as
described above. The experimental unit was the cow
and classification variables were cow, period of the
Latin square, treatment, and time of sampling. The
model statement included cow, period, treatment, the
interaction of cow, period and treatment, time, and the
interaction of treatment and time. The potential treat-
ment carryover effect for each measured variable dur-
ing each period of the Latin square was assessed by
testing period using the interaction of cow, period, and
treatment as the error term (that interaction had P >
0.20 for all variables). The overall effects of treatment
and period were also tested using the interaction of
cow, period, and treatment as the error term. Linear,
quadratic, and cubic effects of LPS treatment for each
variable were tested using orthogonal contrasts with
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Figure 1. Serum total calcium concentration (SEM = 0.24)* follow-
ing intravenous infusion of 0.0 (diamond), 0.5 (square), 1.0 (triangle),
or 1.5 (X) µg of lipopolysaccharide per kilogram of BW into midlacta-
tion dairy cows. Means were adjusted by analysis of covariance.
*Treatment × time effect, P < 0.001; linear trend, P = 0.08.

interaction of cow, period, and treatment as the speci-
fied error term. Data were also analyzed as all doses
of LPS combined vs. saline infusion. These data were
analyzed as above except that orthogonal contrasts
were not used to test treatment effects. Only analysis
of 1,25-(OH)2D yielded different results when analyzed
in this manner; therefore, results of analyses for the
other metabolites are not shown. Reported means were
adjusted means ± SEM. Significance was declared at P
< 0.05 and trends from P ≥ 0.05 to ≤ 0.15.

RESULTS

Serum total calcium concentration decreased (treat-
ment × time, P < 0.001) following intravenous LPS ad-
ministration (Figure 1). There was a trend for serum
calcium to be affected in a dose-dependent manner such
that increasing amounts of LPS resulted in more severe
declines in serum Ca concentrations (linear trend, P =
0.08). Both, the 1.0- and 1.5-µg LPS doses resulted in
mean serum Ca concentrations that were considered
hypocalcemic (< 8.0 mg/dl). Serum Ca began to decline
significantly by 2 h after the initiation of LPS infusion,
reached a nadir by 3 PIH, and remained lower than
saline-infused cows through 8 PIH. Though still lower
than controls at 8 PIH, serum Ca began to return to
normocalcemic concentrations by 7 PIH.

Immune activation resulted in similar longitudinal
changes in serum P concentration. Serum P concentra-
tion decreased dose-dependently (treatment × time, P
< 0.001; linear effect, P < 0.01) following intravenous
LPS administration (Figure 2). Serum P of LPS-infused
cows was lower than in saline-infused cows by 2 PIH,
reached a nadir by 4 PIH, and remained lower than
saline-infused cows through 8 PIH. Though still lower
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Figure 2. Serum phosphorous concentration (SEM = 0.41)* follow-
ing intravenous infusion of 0.0 (diamond), 0.5 (square), 1.0 (triangle),
or 1.5 (X) µg of lipopolysaccharide per kilogram of BW into midlacta-
tion dairy cows. Means were adjusted by analysis of covariance.
*Treatment × time effect, P < 0.001; linear effect, P < 0.01.

than controls at 8 PIH, serum P began to return to
normophosphatemic levels by 6 PIH.

Serum Mg, 25-OHD, and 1,25-(OH)2D concentrations
were not altered (P > 0.20) following LPS administra-
tion (Figures 3, 4, and 5, respectively) when data were
analyzed as individual amounts of LPS administered.
However, when data were grouped to compare saline
vs. all doses of LPS combined, there was tendency
(treatment, P = 0.08) for serum concentration of 1,25-
(OH)2D to decrease following immune activation (Fig-
ure 6). This tendency for an overall treatment effect for
decreased serum 1,25-(OH)2D was mostly the result of
decreased serum 1,25-(OH)2D levels at 24 and 48 PIH.

DISCUSSION

The negative effect of immune activation on serum
Ca concentration of dairy cattle has been reported pre-

Figure 3. Serum magnesium concentration (SEM = 0.07)* follow-
ing intravenous infusion of 0.0 (diamond), 0.5 (square), 1.0 (triangle),
or 1.5 (X) µg of lipopolysaccharide per kilogram of BW into mid
lactation dairy cows. Means were adjusted by analysis of covariance.
*No treatment effect, P > 0.20.
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Figure 4. Serum 25-(OH)vitamin D concentration (SEM = 4.1)*
following intravenous infusion of 0.0 (diamond), 0.5 (square), 1.0
(triangle), or 1.5 (X) µg of lipopolysaccharide per kilogram of BW
into midlactation dairy cows. Means were adjusted by analysis of
covariance. *No treatment effect, P > 0.20.

viously (Griel et al., 1975; Sandstedt et al., 1984). The
current report extends these findings in that the latter
study utilized nonlactating cows and activated the im-
mune system via E. coli ectotoxin, whereas the former
study used infrequent measurements to characterize
longitudinal changes following immune activation. Fur-
thermore, our data are consistent with the clinical
study of Wenz et al. (2001), who reported decreased
serum calcium concentration in cows with moderate to
severe coliform mastitis.

Our report of decreased serum phosphorous is also
consistent with that of Griel et al. (1975); however, we
report a sustained (1 to 7 PIH) decrease in serum P,
whereas the previous study reported decreased P only
at 4 h after immune activation. Furthermore, despite
differences in doses and use of a more crude extract for

Figure 5. Serum 1,25-(OH)2 vitamin D3 concentration (SEM =
8.3)* following intravenous infusion of 0.0 (diamond), 0.5 (square),
1.0 (triangle), or 1.5 (X) µg of lipopolysaccharide per kilogram of BW
into midlactation dairy cows. Means were adjusted by analysis of
covariance. *No treatment effect, P > 0.20.
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Figure 6. Serum 1,25-(OH)2 vitamin D3 concentration (SEM = 8.0
and 4.6 for saline and lipopolysaccharide treatments, respectively)*
following intravenous infusion of saline (0.0 µg of lipopolysaccharide;
diamond) or combined lipopolysaccharide treatment (0.5, 1.0, or 1.5
µg of lipopolysaccharide per kilogram of BW; square) into midlacta-
tion dairy cows. *Treatment trend, P = 0.08.

immune activation, Sandstedt et al. (1984) reported a
magnitude of maximal serum P decrease (40%) compa-
rable to the current study (52%).

Few data are available to corroborate the magnesium
or vitamin D metabolite data reported in this study.
Griel et al. (1975) reported that neither intravenous
LPS nor intramammary E. coli infection affected serum
Mg concentration of lactating cows. The effect of vita-
min D metabolites on aspects of immune function has
received some attention (Reinhardt et al., 1999; Ametaj
et al., 2000); however, our study is the first to assess
the effects of immune activation on vitamin D status
in dairy cattle.

The mechanisms that decreased serum Ca and P in
this study are unknown. As the primary macromineral
store in the body, bone tissue is the target of much
homeostatic regulation. Osteoclasts and osteoblasts are
transient cells residing at the bone tissue matrix that
are responsible for bone resorption and deposition, re-
spectively. Osteoclasts develop from the mononuclear
leukocytic cell lineage upon osteotropic hormone (Uda-
gawa et al., 1990) and cytokine stimulation (Jilka,
1998), and proinflammatory cytokines and prostaglan-
dins released during inflammation have been shown to
induce bone resorptive activity in several experimental
models (Gowen et al., 1990; Chiang et al., 1999; Li et
al., 2002). Furthermore, Goff et al. (1991) noted that
persistent parathyroid hormone (PTH) stimulation,
even during noninflammatory hypocalcemia, causes the
release of prostaglandins and the proinflammatory cy-
tokine interleukin-6 by osteoblasts that activate the
osteolytic activity of osteoclasts. These reports indicate
that immune-related bone homeostatic mechanisms
might result in increased mobilization of Ca and P from
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bone. If systemic clearance, intestinal absorption, and
cellular/tissue uptake were unchanged, then we might
expect hypercalcemia and hyperphosphatemia follow-
ing immune activation—a hypothesis not consistent
with our data. However, the actions of inflammatory
mediators at sites of osteoregulatory control other than
the bone matrix have been poorly characterized (espe-
cially in ruminants) and require further study.

A paucity of information exists to describe the effects
of immune activation on macromineral tissue uptake
and systemic clearance. However, the total extracellu-
lar Ca pool of a 600-kg cow is about 800-fold greater
than the total intracellular Ca pool size (Goff, 1999),
therefore it is unlikely that cellular uptake of Ca was
responsible for the decreased serum Ca in this study.
Regarding plasma clearance, few data are available to
assess the effects of immune activation on renal macro-
mineral reabsorption or urinary excretion. However,
Proksch et al. (1996) reported that Lipid A (the most
immunoreactive portion of LPS) stimulation of rat renal
proximal tubule cells resulted in inositol-triphosphate-
induced changes in intracellular Ca homeostasis that
were similar to those expected to be induced by binding
of PTH to its receptor. Although not a direct measure
of renal Ca reabsorption, those findings indicate that
immune activation may actually result in enhanced re-
nal Ca conservation. An additional route of systemic
clearance, Lohuis et al. (1988b) cited one report of de-
creased Ca, Mg, and phosphate concentrations in mas-
titic milk from endotoxin-treated mammary glands. Al-
though caution should be used when extrapolating
those data to our study conducted using intravenous
LPS infusion, they do indicate that immune activation
may result in decreased macromineral secretion into
the mammary gland. Furthermore, milk secretion in
this study was decreased in a dose-dependent manner
(by up to 60%) following LPS infusion, as reported in
a companion paper (Waldron et al., 2003). Thus, it is
unlikely that the hypocalcemia and hypophosphatemia
reported herein were due to increased secretion of these
minerals into milk. In summary, speculation from the
available data does not support the theory that in-
creased cellular uptake or systemic clearance is respon-
sible for the LPS-induced hypocalcemia or hypophos-
phatemia reported in our study.

Intravenous LPS infusion also increased plasma cor-
tisol and tumor necrosis factor-α (TNF-α) concentra-
tions (Waldron et al., 2003), and presumably other pro-
inflammatory cytokines and prostaglandins during this
study. Hirsch et al. (1998) reported that under certain
conditions in rats, glucocorticoids possess calcitonin-
like activity and may act to restrict plasma Ca levels,
especially during hypercalcemic events. In dairy cows,
Horst and Jorgensen (1982) reported that high cortisol
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levels (around calving) were at least partly responsible
for periparturient hypophosphatemia. Also, the admin-
istration of proinflammatory cytokines results in hypo-
calcemia (Boyce et al., 1989) and hypophosphatemia
(Barak et al., 1998) in laboratory animals. Evidence
from the former authors indicates that those effects
may be mediated via calcitonin-like effects of prosta-
glandins. The increase in plasma cortisol and proin-
flammatory cytokine concentrations following immune
activation may have contributed to the hypocalcemia
and hypophosphatemia reported in the current study.

Vitamin D has been shown to exhibit immunoregula-
tory activity in several cell types (Hustmyer et al., 1994;
Ametaj et al., 1996; Nonnecke et al., 2003) and immune
activation reportedly caused leukocytic vitamin D pro-
duction and upregulation of vitamin D receptors in vari-
ous in vitro and in vivo experimental systems (Rein-
hardt and Hustmyer, 1987). Therefore, although circu-
lating concentrations of vitamin D metabolites were
minimally affected by immune activation, it is possible
that alterations of vitamin D activity in specific in-
flammatory microenvironments occurred in this study
and may have affected macromineral homeostatic regu-
lation. Furthermore, although circulating concentra-
tions of regulatory hormones yield some information
about macromineral homeostasis, these data alone may
be insufficient to elucidate the mechanisms of macro-
mineral dysregulation. For example, plasma concentra-
tions of PTH (Mayer et al., 1969) and 1,25-OHD (Horst
et al., 1978) are actually elevated, whereas plasma cal-
citonin concentration is decreased (Mayer et al., 1975)
immediately preceding and during most cases of hypo-
calcemic parturient paresis in dairy cows. Thus, factors
(other than hormone concentrations) at the tissue level,
such as receptor numbers, binding affinity, hormone
clearance, and postreceptor signaling may also be af-
fected during cases of macromineral dysregulation
(Horst et al., 1994).

Concerning traditional osteoregulatory hormones, if
serum concentrations of PTH and 1,25-(OH)2D were
acutely decreased by immune activation, it may be un-
likely that decreases in these hormones would have
resulted in the lower serum calcium concentrations re-
ported in this study. Horst et al. (1994) reported that
24 h was required for 1,25-(OH)2D to upregulate Ca
absorption from the gut, and 48 h was required for PTH-
stimulated bone resorption to be initiated; however, the
time required for down regulation of those processes
was not studied. Serum Ca concentrations were de-
creased significantly by 2 h after the initiation of LPS
infusion in the current study. Therefore, if macromin-
eral entry rate is decreased following immune activa-
tion, it is unlikely to be via traditional homeostatic
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mechanisms, and other more acute changes must occur
to affect Ca homeostasis.

A final possible mechanism that should be explored
in the etiology of immune-related hypocalcemia and
hypophosphatemia is the possibility of decreased ab-
sorption across the gastrointestinal tract. Decreased
absorption could be the result of decreased feed intake,
gut stasis, or sympathetic neural influences that di-
rectly or indirectly affect macromineral transfer across
the intestine. It is possible that decreased feed intake,
as reported in a companion paper (Waldron et al., 2003),
contributed to the lower concentrations of serum Ca
and P reported in the current study. However, serum
Ca and P concentrations were significantly decreased
by 2 and 1 PIH, respectively, and because the expected
effects of feed intake on serum variables is expected to
be less acute in ruminants (see discussion in Waldron
et al., 2003), it is unlikely that changes in feed intake
were solely responsible for the decreased serum Ca and
P reported herein. Boosman et al. (1990) reported that
intravenous LPS infusion into lactating cattle resulted
in a rapid increase (within 3 to 15 min) in circulating
concentrations of norepinephrine. Furthermore, ad-
ministration of LPS is widely recognized to decrease
recticulo-rumen motility. Details of the gastrointestinal
effects of LPS administration were reviewed by Lohuis
et al. (1988a). The rapid onset of decreased gut motility
(within 30 min) makes it an attractive potential mecha-
nism for decreased macromineral entry into systemic
circulation.

The implications of decreased circulating Ca and P
concentrations reported in this study indicate that tis-
sue stores of these minerals might also be depleted
following immune activation. Daniel (1983) reported
that experimental hypocalcemia of the magnitude re-
ported herein decreased abomasal motility and contrac-
tile strength by 70 and 50%, respectively. Furthermore,
proinflammatory cytokines, such as TNF-α, also de-
crease the contractility of skeletal muscle in laboratory
animals (Reid et al., 2002). Speculatively, muscular
tone of tissues such as the uterus and abomasum may
be negatively affected by suboptimal Ca concentrations
and the direct effects of proinflammatory cytokines fol-
lowing immune activation. These mechanisms should
be investigated in lactating dairy cows considering the
increased incidence of retained placenta and displaced
abomasum that can accompany infectious disease (Cur-
tis et al., 1985; Schukken et al., 1989).

CONCLUSIONS

Immune activation via intravenous LPS administra-
tion resulted in decreased circulating concentrations
of serum Ca and P in midlactaion dairy cows. Serum
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concentrations of Mg, 25-OHD, and 1,25-(OH)2D were
largely unaffected by immune activation. The cause
of the hypocalcemia and hypophosphatemia following
immune activation is unclear and requires further in-
vestigation. However, decreased serum Ca and P follow-
ing immune activation may indicate a causative mecha-
nism whereby immune activation increases the risk of
secondary metabolic disorders such as retained pla-
centa, displaced abomasum, and milk fever. Further
mechanistic research of macromineral metabolism fol-
lowing immune activation in lactating cows is war-
ranted.
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